2 The abbreviations used are: OS, outer segment; GNAT1 and -2, guanine nucleotide-binding protein subunit ␣1 and ␣2, respectively; KRB, Krebs-Ringer/HEPES/
Production of energy in a cell must keep pace with demand.
Photoreceptors use ATP to maintain ion gradients in darkness, whereas in light they use it to support phototransduction. Matching production with consumption can be accomplished by coupling production directly to consumption. Alternatively, production can be set by a signal that anticipates demand. In this report we investigate the hypothesis that signaling through phototransduction controls production of energy in mouse retinas. We found that respiration in mouse retinas is not coupled tightly to ATP consumption. By analyzing metabolic flux in mouse retinas, we also found that phototransduction slows metabolic flux through glycolysis and through intermediates of the citric acid cycle. We also evaluated the relative contributions of regulation of the activities of ␣-ketoglutarate dehydrogenase and the aspartate-glutamate carrier 1. In addition, a comprehensive analysis of the retinal metabolome showed that phototransduction also influences steady-state concentrations of 5-GMP, ribose-5-phosphate, ketone bodies, and purines.
Warburg et al. (1) and Krebs (2) reported in the 1920s that tumors and retinas rely on aerobic glycolysis. Some of the biochemical mechanisms by which cancer cells adapt to aerobic glycolysis have been gleaned from investigations of specific metabolic adaptations of cancer cells either in culture or in a tumor (3, 4) . Retinas offer distinct advantages for investigating aerobic glycolysis. They have high metabolic rates, a uniquely laminated structure, and the primary signaling pathway by which retinas respond to light is defined clearly.
Retinas convert 80 -96% of glucose they consume into lactic acid (5) (6) (7) (8) (9) , similar to the extent of aerobic glycolysis that fuels cancer cells (3) . Aerobic glycolysis occurs primarily in photoreceptors (10) where the energy demands are very different in darkness than in light (5, 7, (11) (12) (13) . In darkness energy is consumed within the inner segments to support ion pumping (5, 13) . In light energy is consumed by the outer segments (OS) 2 to support phototransduction and regeneration of visual pigments. A photoreceptor neuron also performs anabolic metabolism to replace the ϳ10% of its OS material that is lost each day to phagocytosis by the retinal pigmented epithelium (14, 15) .
Some of the carbons in glucose consumed by a retina reach the mitochondrial matrix where they are oxidized in biochemical reactions that reduce NAD ϩ to NADH. Transfer of electrons from NADH to O 2 then generates a proton gradient across the mitochondrial inner membrane. In some tissues dissipation of the proton gradient is coupled tightly to ATP demand. In others, proton leakage can dissipate the gradient even without ATP synthesis (16) . In this report we show that mitochondria in retinas are more uncoupled than mitochondria in other tissues.
The ability of a photoreceptor to respond to light, to release neurotransmitter, to regenerate visual pigment, to renew itself, and to remain viable requires that production of energy keeps pace with demand. That kind of support for normal photoreceptor physiology could be accomplished by coupling production to consumption directly. Alternatively, production of energy could be controlled by a signal that anticipates changes in demand. In this report we show how signaling through phototransduction controls production of energy.
bridge Isotope Laboratories, Inc. (Andover, MA). Other 13 C tracers and reagents were from Sigma unless otherwise specified.
Animals-C57BL/6 mice (6 -8 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME). Guanine nucleotide-binding protein subunit ␣1 (GNAT1) knock-out mice and double knock-out mice for GNAT1 and GNAT2 were obtained from Russ Van Gelder's laboratory at the University of Washington. Aralar/AGC1 Ϫ/Ϫ mice (17) and their control littermates in Sv129/C57BL6 background were raised at Dr. Jorgina Satrústegui's laboratory (Autonomous University of Madrid, Madrid, Spain). The AGC1 Ϫ/Ϫ and AGC1 ϩ/ϩ mice were analyzed at postnatal day 18 because AGC1 Ϫ/Ϫ mice have a shortened lifespan of 22-23 days (18) . Animals were darkadapted 18 h before experiments. Experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) recommendations at the University of Washington guidelines after IACUC approval and with procedures approved in the Directive 86/609/EEC of the European Union and the Ethics Committee of the Universidad Autónoma de Madrid.
Retina Isolation and Culture-Mice were euthanized, and retinas were isolated from retinal pigment epithelium under ambient light or in darkness with night-vision goggles. Retinas were cultured in Krebs-Ringer/HEPES/bicarbonate (KRB) buffer at 37°C in a 5% CO 2 incubator as we previously reported (6, 19) .
Retinal O 2 Consumption ex Vivo-A flow culture system (20) was used to measure O 2 consumption rate as in our previous report with minor modification (19, 21) . Retinas were isolated into a nutrient mix containing 5 mM glucose, 5 mM lactate, 500 M pyruvate, 1 mM glutamine, and 1 mM leucine in KRB buffer cut into four pieces and loaded into each chamber sandwiched with Cytodex beads. One layer between beads contains one retina (cut into four pieces) with a total of four retinas per chamber. The KRB buffer with the nutrient mix, 0.1% fraction V bovine serum albumin, and 1% penicillin/streptomycin/Fungizone was used as perifusion buffer and was continuously equilibrated with 5% CO 2 , 21% O 2 , balance N 2 at 37°C. O 2 tension was measured by lifetime phosphorescence detection (Tau Theta, Inc). of an O 2 -sensitive dye (platinum tetrapentafluorophenyl porphyrin) (Frontier Science, Logan, UT) that was painted on the inside of the perfusion chamber. O 2 consumption rate was calculated as the flow rate times the difference between inflow and outflow levels of O 2 .
Gas Chromatography/Mass Spectrometry (GC/MS) Analysis of Metabolites-The strategies and methods we use for quantifying metabolites in retinas have been described in detail (22) . Individual mouse retinas were incubated with [U-13 C]glucose for specific intervals in an incubator at 5% CO 2 , 21% O 2 , balance N 2 at 37°C in darkness or light (with a battery-powered LED light source inside the incubator; ϳ 200 lux). The retinas were quenched in cold saline and homogenized in an ice-cold mix of methanol/chloroform/water. Metabolites were extracted, dried, derivatized, and analyzed by GC-MS (Agilent 7890/ 5975C) as described in detail elsewhere (6, 19) . Peaks were analyzed using Chemstation, a software package developed by Agilent. The measured distributions of mass isotopomers were corrected for natural abundance of 13 C using IsoCor software (23) . Metabolite intensity and elution times were defined with standards and verified by mass after each experiment.
Liquid Chromatography/Mass Spectrometry (LC/MS) Analysis of Metabolites-The strategies and methods we use for quantifying metabolites in retinas have been described in detail (22) . Mice were kept in darkness for 16 h. Half of the mice were exposed to room light (ϳ500 lux) beginning at 9:00 a.m., whereas the rest of the mice remained in darkness. The retinas were isolated (either in darkness or light) at 9:02 a.m., 11 a.m., and 3 p.m. into cold Hanks' balanced salt solution and snapfrozen in liquid nitrogen. Metabolites were extracted by the same method we used for GC-MS analysis. The dried metabolites were reconstituted in 200 l of 5 mM ammonium acetate in 95% water, 5% acetonitrile, 0.5% acetic acid and filtered through 0.45-m PVDF filters (Phenomenex, Torrance, CA). The steady-state metabolites were measured by targeted analysis of 158 transitions by LC MS/MS as previously reported (24 -26) .
Acetonitrile, ammonium acetate, and acetic acid (LC-MS grade) were all purchased from Fisher. The standard compounds corresponding to the measured metabolites were purchased from Sigma and Fisher. Stable isotope-labeled tyrosine and lactate internal standards (L-[ 13 C 2 ]tyrosine and sodium L-[ 13 C 3 ]lactate) were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA). The purities of non-labeled standards were Ͼ95-99%, whereas the purities of the two 13 Clabeled compounds were Ͼ99%.
All LC-MS/MS experiments were performed on an Agilent 1260 LC (Agilent Technologies, Santa Clara, CA)-AB Sciex QTrap 5500 mass spectrometer (AB Sciex, Toronto, ON, Canada) system. Each sample was injected twice, 10 l for analysis using negative ionization mode and 2 l for analysis using positive ionization mode. Both chromatographic separations were performed in hydrophilic interaction chromatography (HILIC) mode on two SeQuant ZIC-cHILIC columns (150 ϫ 2.1 mm, 3.0-m particle size, Merck KGaA, Darmstadt, Germany) connected in parallel. The flow rate was 0.300 ml/min, auto-sampler temperature was kept at 4°C, and the column compartment was set at 40°C. The mobile phase was composed of solvents A (5 mM ammonium acetate in 90% H 2 O, 10% acetonitrile, 0.2% acetic acid) and B (5 mM ammonium acetate in 90% acetonitrile, 10% H 2 O, 0.2% acetic acid). After the initial 2-min isocratic elution of 75% B, the percentage of solvent B decreased to 30% at t ϭ 5 min. The composition of solvent B was maintained at 30% for 4 min (t ϭ 9 min), and then the percentage of B gradually went back to 75% to prepare for the next injection.
The mass spectrometer is equipped with an electrospray ionization source. Targeted data acquisition was performed in multiple reaction monitoring mode. We monitored 99 and 59 multiple reaction monitoring transitions in negative and positive mode, respectively (158 transitions in total). The whole LC-MS system was controlled by Analyst 1.5 software (AB Sciex, Toronto, ON, Canada). The extracted multiple reaction monitoring peaks were integrated using MultiQuant 2.1 software (AB Sciex).
O 2 Consumption Measurements of Isolated Mitochondria-Mouse retina mitochondria were isolated by a method previously reported (21) . O 2 consumption was measured in an Oro-boros Oxygraph-2K. The respiration buffer consisted of 150 mM KCl, 10 mM KH 2 PO 4 , 67 M EGTA, 1 mM MgCl 2 , pH 7.4. 50 l of 2.5 mg/ml mitochondria was injected into the chamber for each assay. Respiration was measured in response to serial additions of ADP followed by either pyruvate/malate or glutamate/malate and then stepwise addition of CaCl 2 . Final concentrations were either 1.5 mM pyruvate and 0.5 mM malate or were 1 mM glutamate and 0.5 mM malate and 2.5 mM ADP. After the addition of each component, the O 2 consumption rate was allowed to stabilize for 5 min before the next addition. Free Ca 2ϩ concentrations were determined in a separate experiment with identical buffers except that fluorescence from Fluo-3 was monitored. The free Ca 2ϩ concentrations were determined from this titration curve assuming a K d of Fluo-3 for Ca 2ϩ of 390 nM.
Results
Respiration Is Uncoupled from ATP Synthesis More in Retina Than in Other Tissues-We evaluated proton leak in mouse retinas by measuring the O 2 Consumption rate (OCR) that continues even when ATP synthase is inhibited by oligomycin (27) . We then determined the retina's maximum possible OCR by dissipating the gradient with FCCP ( Fig. 1A) . Titrations with oligomycin and FCCP showed that the effects were maximal and stable at 50 M oligomycin and 1 M FCCP. We used 5 mM glucose, 5 mM lactate, 500 M pyruvate, 1 mM glutamine, and 1 mM leucine because this mix produced the most stable OCR.
For comparison we measured OCR from cerebellum slices and from pancreatic islets. Oligomycin inhibited O 2 consumption by slices of cerebellum to about the same extent as O 2 consumption by retina ( Fig. 1B) , but the FCCP-induced stimulation of OCR by cerebellum slices was far greater than for retina. The effects of both oligomycin and FCCP are greater with islets than with retina ( Fig. 1C ).
These results highlight two remarkable features of retina. First, the initial OCR is nearly the same as with FCCP, showing that dissipation of the proton gradient is not rate-limiting for respiration. Second, Ͼ50% of respiration persists when ATP synthesis is blocked by oligomycin. As an alternative way to restrict the need for ATP synthesis we also used ouabain to inhibit Na ϩ /K ϩ ATPase. We predicted that if oligomycin is not completely effective, then ouabain would inhibit respiration more than oligomycin. Instead, we found that ouabain was even less effective than oligomycin ( Fig. 1D ).
Oligomycin-insensitive O 2 Consumption Originates in Mitochondria-We considered the possibility that oligomycininsensitive respiration in retinas could be caused by non-mitochondrial O 2 consumption. However, we found that OCR in the presence of 500 M allopurinol, which inhibits xanthine oxidase, and 100 M apocynin, which inhibits NADPH oxidase, was 102% Ϯ 1% (n ϭ 2) of the OCR in the absence of the inhibitors.
Uncoupled O 2 Consumption Originates in Rods-Rods are the most abundant and unique cells in a retina. To confirm that rods are responsible for the unique metabolic features of the retina, we analyzed OCR over a range of developmental stages. Fig. 2A shows that the muted responses to oligomycin and FCCP, which are characteristic of adult retinas, appear only as The star indicates that the probability is 0.04 that the inhibition caused by ouabain could be the same or greater than the inhibition caused by oligomycin.
rods become functional, between postnatal days 11 and 14. Fig.  2B shows that the responses to oligomycin and FCCP are less muted in adult AIPL1 Ϫ/Ϫ retinas that lack photoreceptors. Oligomycin-insensitive O 2 Consumption Derives from Complex I, Not Complex II-Mitochondria fueled with pyruvate/ malate are tightly coupled to ATP synthesis so they have low respiratory activity without ADP (28) . In contrast, mitochondria fueled with succinate consume O 2 even without ADP (28) . This has been attributed to greater proton leak with succinate as fuel. We explored the possibility that oligomycin-insensitive respiration is driven by succinate oxidation. Malonate inhibits succinate oxidation by complex II, whereas rotenone inhibits complex I. We found that 20 mM malonate does not affect the oligomycin-insensitive respiration in retinas ( Fig. 3A) , whereas 1 M rotenone inhibits all of it ( Fig. 3B) .
Illumination Inhibits Respiration-We evaluated the effects of light and darkness on retinas from dark-adapted mice. OCR was measured in complete darkness for 30 min, and then the retina was illuminated. Light reduced OCR (Fig. 4A ). Light does not affect OCR in GNAT1 Ϫ/Ϫ retinas, in which phototransduction is disabled (29) (Fig. 4B ). Based on a comparison of the data in panels A and B, light inhibits OCR by 9%. Uncoupling is the same in control and GNAT1 Ϫ/Ϫ retinas. The increase in OCR upon adding FCCP was 60.5% Ϯ 9.0% for GNAT1 ϩ/ϩ retinas (n ϭ 3) and 60.8 Ϯ 4.7% for GNAT1 Ϫ/Ϫ retinas (n ϭ 3).
Glycolysis Is Slightly Faster in Darkness than in Light-Metabolic flux in adult mouse retinas is fast (6), so we harvested retinas at 1, 3, 5, and 30 min after adding [ 13 C]glucose. We then extracted metabolites and measured incorporation of 13 C by mass spectrometry. The top panels of Fig. 5A show that flux through pyruvate is 45% faster and through lactate is 24% faster in darkness than light.
Light Slows Metabolic Flux after of ␣-Ketoglutarate in the TCA Cycle-Incorporation of 13 C from [U-13 C]glucose ( Fig.  5A ) confirmed a previous demonstration with the same method that retinal metabolism is dominated by aerobic glycolysis (6) . We found that the reaction most substantially inhibited by light in adult mouse retinas is oxidation of ␣-ketoglutarate (␣-KG). Delayed flow of 13 C into downstream metabolites, fumarate, malate, and aspartate, appears to be a consequence of slowed production of succinate.
Retinal Metabolism Is Extraordinarily Sensitive to Light-The preceding results compared dark-adapted retinas to retinas illuminated at the level of a typical laboratory environment. To estimate sensitivity we compared metabolic flux in darkness to flux under illumination at 100, 1, or 0.01% of the illumination used in the other experiments described in this report. Fig. 5B shows that the metabolic response of the retina is altered by illumination at 1% of room light levels. This is consistent with control of metabolic flux by phototransduction in rods.
Transducin-mediated Phototransduction Controls Energy Metabolism- Fig. 6B compares incorporation of 13 C into key metabolic intermediates in darkness or in light 5 min after the addition of [ 13 C]glucose. We evaluated the role of phototransduction by repeating the analysis with GNAT1 Ϫ/Ϫ retinas that are deficient in rod phototransduction. Comparison of panels B and C of Fig. 6 shows that phototransduction is required for the effect of light on metabolic flux.
Phototransduction Can Influence Metabolism via the Effects of Ca 2ϩ on Mitochondrial Activities-In darkness [Ca 2ϩ ] f is 250 nM in the OSs of mouse rods. Light lowers it to 23 nM (30) . We hypothesized that the light-stimulated change in cytosolic [Ca 2ϩ ] f could influence mitochondrial activity. Cytosolic [Ca 2ϩ ] f stimulates AGC1 (31) (32) (33) (34) , an electrogenic exchanger on mitochondrial inner membranes that exports aspartate in exchange for glutamate. AGC1 plays a central role in the malate aspartate shuttle (Fig. 7A) , and it is abundant in photoreceptors (9, 35) . Cytosolic Ca 2ϩ also can enter the mitochondrial matrix via the mitochondrial Ca 2ϩ uniporter (36) . Within the mitochondrial matrix ␣-ketoglutarate dehydrogenase (␣-KGDH) is sensitive to Ca 2ϩ (37, 38) . A decrease in matrix [Ca 2ϩ ] f can raise the K m of ␣-KGDH.
Two Ca 2ϩ -sensitive Pathways Compete for ␣-KG-Analysis of isolated mitochondria has shown (39) that Ca 2ϩ has opposing and competing effects on ␣-KG. In Fig. 7, A and B 
At higher cytosolic [Ca 2ϩ ] f , AGC1 is active (Fig. 7A ). It exports aspartate to the cytoplasm to produce malate. Malate drives the oxoglutarate carrier to remove ␣-KG from the matrix. At low [Ca 2ϩ ] f , slower production of cytosolic malate causes accumulation of ␣-KG in the matrix. We confirmed AGC1 works in retinas using mitochondria from mouse retinas ( Fig. 8) .
At higher matrix [Ca 2ϩ ] f , ␣-KG can be oxidized even when its concentration in the matrix is low (Fig. 7B ). ␣-KGDH has a low K m under those conditions. At lower [Ca 2ϩ ] f ␣-KG in the matrix can be oxidized only when it reaches a sufficiently high concentration.
If these opposing effects of Ca 2ϩ were balanced light would have no net effect on oxidation of ␣-KG. At higher [Ca 2ϩ ] f more ␣-KG would be removed from the matrix, but matrix ␣-KG would still be oxidized because the K m of ␣-KGDH is low. At lower [Ca 2ϩ ] f , the K m of ␣-KGDH is high, but ␣-KG still can be oxidized by ␣-KGDH because it accumulates to a higher concentration in the matrix. Fig. 5 shows that 13 C incorporates into intermediates downstream of ␣-KG more slowly in light than in darkness. That is consistent with the stimulatory effect of Ca 2ϩ on ␣-KGDH being more prominent than the inhibitory effect in adult mouse retinas. Our analysis of retinas from younger mice (postnatal day 18) confirmed this. Remarkably, light does not alter flux in intermediates downstream of ␣-KG (black and white bars in Fig. 7C ). The opposing effects of Ca 2ϩ appear to be balanced more equally in the younger retinas.
Unbalancing the Opposing Effects of Ca 2ϩ on ␣-KG-We tested the hypothesis that opposing effects of Ca 2ϩ are more balanced in younger retinas by analyzing metabolic flux in retinas from young mice that are deficient in AGC1. Rhodopsin, recoverin, and cytochrome oxidase levels are normal in AGC1 Ϫ/Ϫ retinas (6) . Incorporation of 13 C into glycolytic intermediates and TCA intermediates upstream of ␣-KGDH was not affected by AGC1 deficiency (red and pink bars in Fig. 7C ). However, incorporation of 13 C into TCA intermediates after the ␣-KG branch point increased substantially. This supports the idea that when AGC1 is present it stimulates export of ␣-KG from the matrix. In the absence of AGC1 more ␣-KG is retained in the matrix to be oxidized to succinate and downstream intermediates. Remarkably, AGC1 deficiency uncovers the effect of light on ␣-KGDH activity in postnatal day 18 retinas (Fig. 7C) . When the balancing effect of AGC1 is removed, the stimulatory effect of Ca 2ϩ on ␣-KGDH is revealed. Fluxes through intermediates downstream of ␣-KG are greater in darkness than in light only in the absence of AGC1. This effect is sketched out in Fig. 7D . These data support our hypothesis that the two opposing effects of Ca 2ϩ on ␣-KG metabolism are balanced in younger retinas but not in adult retinas.
Abundance of Metabolites in Darkness and Light-We also analyzed steady-state levels of 171 key metabolites in darkness and light. Targeted metabolites were identified by mass, fragmentation pattern, and co-elution with known standards. Data were obtained for 114 metabolites (supplemental Table 1 ).
We compared retinas from dark-adapted adult mice to retinas from mice exposed to light. In one comparison, labeled 2 min in Fig. 9A , we harvested retinas in darkness at 9:00 a.m. and compared them to retinas from mice that had been exposed to ϳ500 lux white light for 2 min starting at 9:00 a.m. We also compared retinas from mice kept in darkness until 11:00 a.m. to retinas from mice exposed to ϳ500 lux from 9:00 a.m. to 11:00 a.m. (2 hour in Fig. 9A ). The third condition, labeled 6 hour in Fig. 9A , compared retinas from mice kept in darkness until 3:00 FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 4703 p.m. with retinas from mice exposed to light from 9:00 a.m. to 3:00 p.m.
Light Regulates Retinal Metabolism
Illumination influences key metabolites-After 2 min of illumination, cGMP was depleted by 55%. This is consistent with light-induced cGMP hydrolysis (40) . Remarkably, it was accompanied by substantial accumulation of 5Ј GMP, the product of the phosphodiesterase reaction ( Fig. 9A ).
Light causes inosine monophosphate (IMP) to accumulate, but most other purine and pyrimidine metabolites are depleted ( Figs. 9A and 10A ). Accumulation of 5Ј-GMP can inhibit IMP dehydrogenase (41), ribose-phosphate diphosphokinase (42) , and glutamine-PRPP amidotransferase (43) .
We evaluated the importance of cGMP hydrolysis by measuring the effects of light on metabolites in retinas deficient in phototransduction. Light does not stimulate loss of cGMP in retinas deficient in GNAT1 Ϫ/Ϫ and GNAT2 Ϫ/Ϫ that are deficient in both rod and cone phototransduction (44, 45) . We found that light also does not influence purine nucleotide levels in GNAT1 Ϫ/Ϫ ;GNAT2 Ϫ/Ϫ retinas (Fig. 10, B and C) .
Purine Metabolites Are Enriched in Rod Photoreceptors-The metabolites described in Fig. 9 were extracted from whole retinas, so it was important to localize them. Because purines are affected so strongly by light we asked from which part of the retina they came. We compared metabolites in normal retinas and in adult rd1 retinas in which photoreceptors degenerated. Almost no cGMP remains in rd1 retinas (Fig. 9B) . Remarkably, purines, which have the greatest sensitivity to light in normal retinas, are substantially depleted in rd1 retinas. This shows that the light-sensitive purine pool is in photoreceptors.
Other Metabolites-Light also causes accumulation of ketone bodies (3-hydroxybutyrate and acetoacetate) (Fig. 9A ). Glyco-lytic intermediates do not change, except for phosphoenol pyruvate (PEP), which decreased ϳ20%. Steady-state levels of other metabolites including lactate, pyruvate, and glutamine are unaffected by light.
Light decreases the Asp/Glu ratio both in vivo (Fig. 11A ) and in vitro (Fig. 11B) . Retinas use carbons from glutamine to make aspartate. When we incubated dark-adapted retinas with [U- 13 in the culture medium. Light inhibited this production and release of aspartate ( Fig. 11C ).
Discussion
Here we report the following new advances in understanding control of energy metabolism in retinas. 1) Respiration operates at nearly maximum capacity in darkness and light. 2) Respiration is uncoupled from ATP synthesis more in retinas than in other tissues. 3) Light influences metabolic flux by altering the activities of mitochondrial dehydrogenases and AGC1. 4) Light influences nucleotide metabolism. 5) Light influences ribose 5-phosphate, ketone bodies, aspartate, and glutamate.
Comparison with Earlier Studies
Previous studies showed that retinas rely on aerobic glycolysis and consume more energy in darkness than in light (11) . However, those studies did not address the molecular mechanism by which darkness and light regulate metabolism as we have done here.
The extent of stimulation described previously varied widely and depended on the organism and method used to evaluate it (Table 1) . Most studies used depletion of O 2 and release of CO 2 or lactic acid to evaluate production of energy. Others measured energy consumption more directly. One study quantified ATP turnover and found little difference between darkness and light (46) . Another quantified ion currents and predicted ϳ4ϫ more ATP consumption in darkness than in light (13) . The reasons for the large disparities in Table 1 are unclear, but in general they show that more energy is extracted from fuel in darkness than in light.
We found that light inhibits glycolysis to lactate by ϳ24% and O 2 consumption by ϳ9%. It appears to inhibit mitochondrial dehydrogenase activities more substantially. There are inherent uncertainties in the pathways of metabolic flux in the retina because of the heterogeneity of cell types and because some of the intermediates in Fig. 5 are both cytosolic and mitochondrial. Therefore, we cannot present a simple model that explains unambiguously the changes in metabolic flux through each intermediate. Table 1 ). PEP, phosphoenol pyruvate; DHAP, dihydroxyacetone phosphate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide. B, evidence that most of the purine nucleotides in mouse retinas are from the photoreceptors. Retinas from adult WT or rd1 mice (ages postnatal days 30 to 38) that were either kept in the dark or exposed to ambient illumination for 5 min were harvested and extracted, and metabolites were quantified by LC-MS (n ϭ 3 for each condition; error bars show S.E.). R5P, ribose-5-phosphate. FEBRUARY 26, 2016 • VOLUME 291 • NUMBER 9
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Evidence for Changes in Anabolic Metabolism
Each morning photoreceptors lose ϳ10% of their OS to phagocytosis by the retinal pigment epithelium (14, 15) , so they require a high rate of anabolic activity to replace the lost material. Light also increases demand for NADPH to reduce and detoxify all-trans-retinal generated by photobleaching of rhodopsin. We identified two light-stimulated changes that may enhance anabolic activity. 1) Light increases flux through citrate ( Fig. 5B ) while decreasing flux through citric acid cycle intermediates. Previous studies (47, 48) indicated that isocitrate dehydrogenase and malic enzyme can produce NADPH in the photoreceptor cytoplasm. Citrate, made in the matrix, can be transported to the cytoplasm to fuel those enzymes. 2) Light stimulates transient accumulation of ribose 5-phosphate (Fig.  9A) . This may reflect a transient increase in the oxidative reactions of the pentose phosphate pathway that produce NADPH and ribose 5-phosphate.
Illumination Influences Nucleotide Metabolism
The following are possible explanations for the effect of light on nucleotides.
RNA Stability-Increased nucleotide levels in darkness could arise from degradation of RNA. This idea is suggested by a study that described dark-stimulated breakdown of microRNA in mouse retinas (49) . An argument against this is based on the type of methyladenosine detected in our analysis. N 6 -Methyladenosine is a methylated purine nucleotide enriched in mRNA and microRNA (50, 51) . We did detect a light-induced decrease of methyl adenosine, but comparison with standards showed that it was N 1 -methyl adenosine. The N 6 -methyladenosine did not change. Further studies will be needed to determine whether RNA stability contributes to changes in the effect of light on metabolism in retinas.
Regulation of de Novo Synthesis-Light stimulates cGMP phosphodiesterase activity in rods and cones. The product of that reaction is 5Ј-GMP. The 5Ј-GMP that accumulates during illumination could inhibit de novo purine synthesis by feedback inhibition. 5Ј-GMP inhibits IMP dehydrogenase, the enzyme that converts 5Ј-IMP into 5Ј-XMP (41 Fig. 9 . B, ratios of Asp/Glu from retinas incubated in culture dishes in the dark or light. The ratios of total Asp and Glu were calculated from the results of the experiment shown in Fig. 7 . C, more aspartate is released in the dark than in light from retinas (n ϭ 3). Dark-adapted mouse retinas were isolated and cultured either in the dark or in light in media with 5 mM glutamine. After 60 min the media were harvested, and metabolites were quantified by GC-MS (n ϭ 3; error bars show S.D.).
5Ј-IMP accumulates during illumination, with concomitant depletion of downstream intermediates in the purine synthesis pathway. Light also could inhibit de novo purine synthesis by decreasing the amount of aspartate in the cell. Recent studies showed that decreases in nucleotide levels correlate with reduced synthesis of aspartate (52) (53) (54) (55) (56) . These are reasonable mechanisms by which light could regulate de novo purine synthesis. An argument against this idea is that the time course of the light effect is fast. Loss of ϳ50% of purines and pyrimidines in 2 min seems surprisingly quick for an effect on de novo synthesis. Nevertheless, an effect of light on de novo synthesis is a reasonable hypothesis to explain the effects of light on nucleotides and nitrogenous bases. It is sketched in Fig. 12, A and B. Regulation of the Salvage Pathway-Inhibition of glutamine-PRPP amidostransferase by accumulation of 5Ј-GMP (57) would block the synthesis of purines via the salvage pathway. Salvage pathway flux may be much faster than de novo flux. The rapid changes we observed appear to favor the idea that inhibition of the salvage pathway contributes to the light effect. An argument against this idea is that an effect only on the salvage pathway would not readily explain decreased levels of free nitrogenous bases.
Control of Metabolism by Signaling
Weak coupling between respiration and ATP synthesis suggests that ATP production is not the only role of mitochondria in retina. Recent studies of metabolism in other types of cells also concluded that anabolic activities of mitochondria can even be more essential than ATP synthesis (53, 55) .
Weak coupling means that energy demand drives energy production in retina less directly than in other tissues. Instead of using direct coupling, photoreceptors use signaling to control production of energy. Phototransduction depletes cytosolic Ca 2ϩ in the OS (58, 59) , and it hyperpolarizes the cell, which depletes cytosolic Ca 2ϩ at the synapse (60) . Mitochondria cluster at the junction between outer and inner segments of photoreceptors (61, 62) . This depletion of Ca 2ϩ on both sides of the cluster (63) could have a substantial impact on metabolic activities in these mitochondria (32, 38) .
Ca 2ϩ influences mitochondrial activities in neurons (31, 32, 39) . Increased cytosolic Ca 2ϩ can stimulate the aspartate/glutamate carrier 1 (AGC1), which transports aspartate from the A, in darkness 3Ј:5Ј cGMP is not rapidly hydrolyzed to 5Ј-GMP. Low 5Ј-GMP activities allow maximal activity of enzymes in the purine synthesis pathway. It also is possible that darkness favors breakdown of mRNA, which would also increase the concentrations of pyrimidines and purines (not shown). B, light stimulates hydrolysis of cGMP to 5Ј-GMP, which then inhibits multiple steps in purine synthesis to cause accumulation of ribose 5-phosphate (R5P) and depletion of downstream purines. Some of the increase in ribose 5-P may also reflect stimulation of pentose phosphate pathway activity. C, cytosolic [Ca 2ϩ ] f is greater in the dark than in light. Ca 2ϩ stimulates AGC1 to exchange aspartate out of mitochondria. (13) matrix into the cytosol in exchange for glutamate (33) . Ca 2ϩ from the cytoplasm also can enter the matrix via the channel called the mitochondrial Ca 2ϩ uniporter (or MCU) (64) . Ca 2ϩ in the matrix lowers the K m of ␣-KGDH, the enzyme that converts ␣-KG to succinyl CoA (37) . These activities compete for ␣-KG in the mitochondrial matrix (39) . Our studies show that the effect of Ca 2ϩ on the K m of ␣-KGDH predominates in adult retinas, whereas the effects of Ca 2ϩ on ␣-KGDH and AGC1 are balanced in younger retinas. The types of metabolic flux in mitochondria in darkness versus light are summarized in Fig.  12 , C and D. An implication of our findings is that illumination can affect the distribution of metabolites between matrix and cytosol. This will qualitatively change the types of metabolic activities that occur in darkness versus in light. Confirmation of this important prediction will require development of cytosol-and matrix-specific metabolite sensors.
Significance for Retinal Disease
The influence of illumination on TCA cycle and nucleotide metabolites is a new observation with important implications for retinal disease. Our findings may help explain the susceptibility of photoreceptors to specific enzyme deficiencies. Isocitrate dehydrogenase 3 and IMP dehydrogenase have central roles in mitochondrial and purine metabolism, but mutations in these widely expressed genes do not cause degeneration outside the retina. However, mutations in isocitrate dehydrogenase 3 (65) and IMP dehydrogenase (66) do cause photoreceptors to degenerate. The preponderance of aerobic glycolysis in retina, the light-sensitive activity of mitochondria, and the light sensitivity of nucleotide metabolism may be key for understanding why retinas are uniquely sensitive to these mutations. 
